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Abstract 

Podoplanin (PDPN), a mucin-type transmembrane glycoprotein specific to the lymphatic system is expressed in a variety of 
human cancers, and is regarded as a factor promoting tumor progression. The purpose of this study was to elucidate the 
molecular role of PDPN in the biology of thyroid cancer cells. PDPN expression was evaluated in primary thyroid carcinomas 
and thyroid carcinoma cell lines by RT-qPCR, Western blotting, IF and IHC. To examine the role of podoplanin in determining 
a cell's malignant potential (cellular migration, invasion, proliferation, adhesion, motility, apoptosis), a thyroid cancer cell 
line with silenced PDPN expression was used. We observed that PDPN was solely expressed in the cancer cells of 40% of 
papillary thyroid carcinoma (PTC) tissues. IVloreover, PDPN mRNA and protein were highly expressed in PTC-derived TPCl 
and BcPAP cell lines but were not detected in follicular thyroid cancer derived cell lines. PDPN knock-down significantly 
decreased cellular invasion, and modestly reduced cell migration, while proliferation and adhesion were not affected. Our 
results demonstrate that PDPN mediates the invasive properties of cells derived from papillary thyroid carcinomas, 
suggesting that podoplanin might promote PTC progression. 
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Introduction 

DifFerentiated thyroid carcinoma (DTC) is the most common 
human endocrine malignancy. Papillary (PTC) and follicular 
(FTC) thyroid carcinomas are two major DTC variants, with the 
former representing the most common type (80% of all DTC 
cases) [1]. The molecular pathogenesis of thyroid cancer involves 
several molecular signaling pathways preferentially altered in PTC 
and FTC. PTCs carry oncogenic point mutations in B-RAF and 
RAS, and chromosomal rearrangements resulting in RET and 
TRKA chimeric genes, all of which may activate the mitogen- 
activated protein kinase (MAPK) pathway [2]. Activating BRAF 
V600E point mutation appears in, on average, 45%, whereas 
RET/PTC rearrangements and RAS mutations in 10-20% PTC 
cases [3,4,]. In FTCs, in addition to RAS mutation, the PAX8/ 
PPARy rearrangement and deregulation of PI3K/ATK/PTEN 
(phosphatidylinositol-3-kinase/ATK/phosphatase and tensin ho- 
molog deleted on chromosome 10) signaling cascade are 
frequently detected, that are associated with the progression and 
dedifferentiation through activation of PI3K and AKT and 
inactivation or loss of PTEN suppressor gene expression [5,6]. 
Although PTC is considered to be an indolent lesion with a 
favorable prognosis, the development of lymph node metastases 
affects up to 50% of PTC patients and the further development of 
distant metastases in some diagnosed cancers reduces survival rates 
[7,8] . A common feature of tumor expansion is the dissemination 
of primary cancer cells, which can occur via a number of routes. 



Clinicopathological data have shown that papiUary carcinomas are 
prone to metastasize to regional lymph nodes, suggesting that cells 
are spread via the lymphatic system [9,10]. The molecular 
mechanisms and genetic factors involved in the dissemination of 
PTC cells, which determining the metastatic potential of papillary 
thyroid cancer, remain largely unknown. 

Metastasis of cancer cells is a multi-step process and various 
cellular factors expressed in tumors may be involved. Several 
studies have highlighted the significance of lymphangiogenic 
factors in the progression of diverse tumors and a number of 
regulatory molecules participating in lymphangiogenesis have 
been identified [11,12,13]. One of the key lymphangiogenic 
molecules is podoplanin (PDPN). Human PDPN, also known as 
Tla -2, PA2.26, gp38 or aggrus, is a 38-kDa type I mucin-like 
transmembrane sialoglycoprotein composed of a highly O- 
glycosylated extracellular domain, a single membrane-spanning 
region and a short cytoplasmic tail [14]. In normal human tissues, 
podoplanin is expressed in kidney podocytes, skeletal muscle, 
heart, placenta, lung, and elsewhere [15,16,17]. PDPN is 
expressed in the lymphatic endothelial cells (LEC), but not in 
blood endothelial cells (BEC), and thus represents a specific 
marker of lymphatic endothelium and lymphangiogenesis [11]. 
Despite the specificity of its expression in lymphatic endothelium, 
PDPN has also been detected in various cancers [18,19,20]. The 
biological function of PDPN has not been fuUy defined, but the 
available data strongly suggest that it may play an important role 
as a mediator of tumor cell invasion [21]. The detailed mechanism 



PLOS ONE I www.plosone.org 



1 



May 2014 | Volume 9 | Issue 5 | e96541 



Podoplanin in Differentiated Thyroid Carcinomas 



underlying the spread of difiFerentiated thyroid tumor cells and 
cancer progression, and especially the contribution of pro- 
lymphangiogenic molecules to this process is poorly understood. 
Hence, the aim of this study was to characterize the expression and 
function of podoplanin in thyroid tumors biology. PDPN 
expression was examined in primary tumors and in a panel of 
thyroid cancer cell lines derived from papillary (TPC 1 and BcPAP) 
and foUicular (FTC 133 and CGTH-W-1) thyroid carcinomas. We 
also investigated the role of PDPN in regulating hallmarks of the 
malignant cell phenotype: proliferation, adhesion, survival rate, 
motility, migration and invasion. To determine the function of this 
transmembrane glycoprotein in the metastatic behavior of 
papillary cancer cells, we performed RT-qPCR, immunofluores- 
cence and immunohistochemistry, as well as Western-blot 
analyses, and examined PZ)PjV knock-down in cultured cells. The 
obtained data strongly suggest that PDPN can be considered a 
pro-metastatic factor affecting the spread of PTC. 

Materials and Methods 

Ethics Statement 

The study was approved by the Ethical Committee of Human 
Studies at The Centre of Postgraduate Medical Education. Tissue 
samples were obtained with the permission of the r("spei:tive 
Ethical Committees (at the Cancer Center and Institute of 
Oncology, at the Copernicus Memorial Hospital, and at the 
Centre of Postgraduate Medical Education). Written informed 
consent was obtained from all patients involved in this study. No 
industry gave support for this study. 

Thyroid tissue samples and cell lines 

For gene expression experiments, fresh frozen tissues specimens 
of papillary thyroid carcinoma (T) and adjacent normal thyroid 
tissue from the contralateral lobe (NT) were collected at the Maria 
Sklodowska-Curie Memorial Cancer Center and Institute of 
Oncology, at the Department of General and Endocrinological 
Surgery, Copernicus Memorial Hospital (Warsaw and Lodz, 
Poland). For immunohistochemical (IHC) analysis, archived 
formalin-fixed, paraffin-embedded tissues (different from those 
used in RT-qPCR) from patients who had undergone total 
thyroidectomy were used. 

The series of 173 archived tissues comprised: 112 papillary 
thyroid carcinomas (94 classical PTC with papillary or mixed 
papillary-foUicular growth pattern and 18 follicular papillary 
carcinoma variants- FvPTC), 27 follicular thyroid carcinomas 
(FTC), 24 follicular adenomas (FA) and 10 normal thyroid tissues 
(NT). Tissue samples were obtained with the permission of the 
respective Ethical Committees (at the Cancer Center and Institute 
of Oncology, at the Copernicus Memorial Hospital, and at the 
Centre of Postgraduate Medical Education). 

For functional studies we used thyroid carcinoma cell lines 
derived from papillary (TPCl and BcPAP) and follicular (FTC 133 
and CGTH-W-1) thyroid carcinomas and SV40-immortalized 
human thyroid epithelial line Nthy-ori 3-1 (hereafter referred to us 
as NTHY) to represent normal thyroid cells. Cell lines were 
obtained from the German Collection of Microorganisms and Cell 
Cultures (BcPAP and CGTH-W-1), and from the European 
Collection of Cell Cultures (FTC 133 and Nthy-ori 3-1). The 
TPC 1 cell line [22] was kindly provided by Dr. M. Santoro (The 
University of Naples Federico II, Italy) [23]. The cells were 
cultured in complete RPMI-1640 medium supplemented with 
10% (v/v) FBS (Roche, Switzerland), with the exception of 
FTC 133 cells, which were grown in complete DMEM/F-12 
supplemented with 10% FBS (Life Technologies, Invitrogen, 



USA). AU cells were incubated at 37°C in a humidified 5% CO2 
atmosphere. 

RNA isolation and real-time (RD-qPCR 

Total RNA was isolated from human thyroid specimens and 
thyroid cancer cell lines using an RNA Mini Kit (A&A 
Biotechnology, Poland) according to the recommended protocol, 
and the RNA integrity was verified by agarose gel electrophoresis. 
Total RNA (1 |j,g) was used for cDNA synthesis with a High 
Capacity cDNA Reverse Transcription Kit (Life Technologies, 
Applied Biosystems, USA). Expression of the human PDPN and 
18S rRNA genes was quantified by RT-qPCR using the cDNAs as 
template in reactions containing the double-stranded DNA- 
specific dye SYBR Green I and Maxima Fluorescein RT-qPCR 
Master Mix (Thermo Scientific, Canada), and specific oligonucle- 
otide primers (listed below), as described previously [24]. 

Pi)PjV(NM_006474) 

Forward: 5'-CGAAGATGATGTGGTGACTC-3' 
Reverse: 5 ' -C GATGC GAATGCCTGTTAC-3 ' 
18S rRNA (NM_02255) 

Forward: 5'-CCAGTAAGTGCGGGGTCATAAG-3' 
Reverse: 5 '-CC ATCCAATCGGTAGTAGCG-3 ' . 
Amplification, data acquisition and data analysis were per- 
formed using the iQ5 Real-Time PCR Detection System and 
software (Bio-Rad, USA). 

PDPN silencing with small interfering RNA (siRNA) 

TPCl cells were transfected with siRNA (final concentration 
30 nM) targeting human PDPN, (siPDPN, ,"y-CGA.4GACCG- 
CUAUAAGUCUTT-3'; Life Technologies, Ambion, USA) and a 
universal negative control siRNA (Sigma-Aldrich, USA) using 
Lipofectamine 2000 (Life Technologies, Invitrogen, USA) in Opti- 
MEM (Roche, Switzerland) medium, according to the recom- 
mended protocols. The efficiency of PDPN gene inhibition was 
evaluated 48 h after transfection by RT-qPCR, Western blotting 
and immunofluorescence. The experiment was repeated four 
times. 

Western blotting 

Harvested cells were washed twice with ice-cold phosphate- 
buffered saline (PBS) and resuspended in 1% NP-40 lysis buffer 
(150 mM sodium chloride; 1.0% NP-40; 0.5% sodium deoxycho- 
late; 0.1% SDS; 50 mM Tris, pH 8.0) supplemented witii l%o 
protease inhibitor and 1 'Vu phosphatase inhibitor cocktails (Roche, 
Switzerland). Proteins in the cell lysates were quantified and 
samples of 30 ng were resolved on 8% SDS-PAGE gels and then 
electro-transferred onto nitrocellulose membranes (Bio-Rad, 
USA). The membranes were blocked by incubation with b% 
non-fat milk in TBS (0.1% Tween-20) for 1 h at room 
temperature, then incubated overnight at 4°C with primary anti- 
podoplanin mouse monoclonal antibody (D2-40, diluted 1:1000; 
AbD Serotec, USA). After intensive washing, the membranes were 
incubated with HRP-conjugated affinity-purified goat anti-mouse 
secondary antibody (Jackson ImmunoResearch Laboratories, 
USA). Signals from reactive bands were visualized by enhanced 
chemiluminescence detection (Supc-rSignal West Dura, Pierce 
Chemical, USA) as previously described [25]. As a loading control, 
the membranes were incubated with monoclonal anti-P-actin 
antibody (diluted 1:5000; Sigma-Aldrich, USA) in an identical 
manner. 
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Immunofluorescent staining 

Cells grown on glass coverslips were fixed with ice-cold 
methanol, blocked with 2% goat serum/2% BSA, and then 
incubated with primary anti-podoplanin D2-40 mouse monoclo- 
nal antibody (1:50; AbD Serotec, USA). After several washes, the 
cells were incubated with DyLight^'^549-conjugated anti-mouse 
IgG (Jackson ImmunoResearch Laboratories, USA). The cells 
were counterstained with the nuclear dye DAPI and visualized 
with a fluorescence microscope (AxioObserver Dl, Zeiss, 
Germany) using a lOOx oil-immersion lens. 

Immunohistochemistry (IHC) 

Immunohistochemical staining analysis was performed on 4-|a.m 
thick sections of archived formalin-fixed, paraffin-embedded 
thyroid tissues: PTC (112 cases), FTC (27 cases), FA (24 cases), 
and NT (10 cases). Sections were deparafEnised and heat-induced 
antigen retrieval was performed in target retrieval solution (TRS, 
pH 9.0; DAKO, Denmark), heating for 20 min in a pressure 
cooker. The slides were then incubated with anti-podoplanin D2- 
40 antibody for 1 h at room temperature. After washing, 
Envision-h antibody reagent was applied (DAKO, Denmark). 
Reactions were developed using diaminobenzidine (DAB) as the 
chromogenic substrate. The sections were counterstained with 
haematoxylin, mounted and examined under a light microscope. 
Negative controls were prepared following the same procedure but 
omitting the incubation with primary antibody. IHC staining was 
evaluated by two independent observers (MK and BC) and scored 
as "negative" or "positive," according to the relative intensity of 
PDPN staining. The immunohistochemical data were subjected to 
statistical analysis. 

Cell migration and invasion assays 

Cell migration and invasion activity were determined using a 
Boyden insert chamber (8-|J,m pore size, BD Falcon™^ Cell 
Culture Inserts, USA) and BD BioCoat Matrigel Invasion 
Chamber 8-^lm (BD Bioscience, USA), respectively. Cells were 
harvested and resuspended in serum-free medium, then counted 
with an EVA Automatic Cell counter (Nano EnTek, Korea). A 
total of 2 X 1 05 cells resuspended in RPMI 1640 medium (for both 
migration and invasion assays) were added to the chambers and 
incubated for 24 h at 37°C in a humidified 5"/o C02 atmosphere. 
RPMI medium supplemented with 10% FBS was used as the 
chemoattractant. Cells that had migrated or invaded through the 
membrane were fixed and stained using a DifF-Quik Kit (Medion 
Diagnostics, Switzerland), imaged at 40x magnification with an 
Olympus BX41 microscope, and counted. Each experiment was 
performed in triplicate and repeated three times. 

In vitro wound healing motility assay 

Scratches of comparable dimensions wer(; made- on confluent 
cell monolayers (grown in 6-well plates) using a sterile 200 Jtl 
pipette tip. The monolayers were then washed with PBS to remove 
detached ceUs and cell debris, and then refilled with growth 
medium and incubated at ,S7°C in a humidified 5% CO2 
atmosphere. The plates were observed and photographed under 
a light microscope (lOx, AxioObserver Dl, Zeiss, and 20x Nikon 
Diaphot 300) every 3 h to determine the speed of wound closure. 
The width of the wounds at each time point was measured in 5 
independent fields using ImageJ software (www.rsbweb.nih.gov). 
The cell migration distance was determined by measuring the 
width of the wound divided by two and by subtracting this value 
from the initial half-wound width [26] . Distance was quantified as 



follows: with the lOx lens, 1 pixel = 1.026 [im; with the 20x lens, 
Ipixel = 0.43 nm. 

Cell viability assay 

To evaluate cell proliferation, the number of viable cells at 24 
and 48 h after transfection with siRNA was determined using a 
2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-car- 
boxanilide (XTT) tetrazolium cell proliferation kit (EZ4U, 
Biomedica GmBH, Austria). Briefly, wells of 96-well plates were 
seeded with 8x10'' cells (5 replicates). Then, 25 |il of XTT 
mixture reagent were added to each well and absorbance at the 
test wavelength (450 nm to measure formazan production) and the 
reference wavelength (620 nm) was measured at different time 
points using a Labsystems Multiscan RC microplate reader 
(Thermo Fisher Scientific, USA). 

Apoptosis assay 

Apoptosis was evaluated using an Annexin V-FITC Apoptosis 
Detection Kit (Abeam, UK) following the recommended protocol. 
Briefly, harvested cells were washed with PBS, incubated with 
FITC-Annexin V and propidium iodide for 5 min at room 
temperature and then examined by flow cytometry (FACSCan- 
toll, BD Biosciences, USA). The experiment was performed three 
times. 

Data analysis 

AH experiments were performed at least three times. Data are 
presented as the mean ±SEM. Statistical significance was 
determined using the nonparametric Mann-Whitney U test and 
paired t-test (GraphPad, Prizm, USA). A P value of <0.05 was 
considered statistically significant. Multivariate logistic regression 
model was used to examine the association between independent 
covariates and podoplanin tumorous expression. 

Results 

PDPN protein expression and cellular localization 

The expression of podoplanin was first evaluated in archived 
thyroid tumor tissue samples. Immunohistochemical analysis was 
performed on a series of 173 paraffin-embedded tissues (1 12 PTC, 
27 FTC, 24 FA and 10 NT) using anti-podoplanin monoclonal 
antibody D2-40. In normal thyroid tissue PDPN staining was 
absent in follicular cells and anti-PDPN antibody labeled solely 
and strongly only lymphatic endothelial cells in the numerous 
lymphatic vessels, which served as a good internal control 
(Figure lA; a). All analyzed FTC and FA samples were negative 
for PDPN immunoreactivity (Fig. lA; b, c). Majority of the 
examined PTCs were also negative for PDPN labeling (Fig. 1 A; d). 
However, 40% (45 of 112) of PTCs showed positive immuno- 
staining for podoplanin (Fig. 1 A; e-1). Various intensity of PDPN 
labeling (from moderate to strong) was observ ed in the cytoplasm 
of tumor ceUs and in the most of casf;s, staining was distributed 
uniformly across the cancer. In contrast, peritumoral tissue cells 
(considered as "normal thyroid tissue") were entirely PDPN 
negative (see Fig. lA; e, j, k, 1). In these tumor-free normal thyroid 
tissue margins, D2-40 antibody labeled exclusively and strongly 
the lymphatic vessels of different sizes and shapes. The association 
of PDPN expression in tumor tissue specimens with clinicopath- 
ological data was assessed by multivariate logistic regression model 
and summarized in Table 1. Cytoplasmic PDPN expression was 
not statistically significandy different between patients with larger 
or smaller tumor size (pT) or histological (FvPTC vs classic PTC) 
subtype. Although there was a highest number of cases (9 positive 
tumors among 17 tested) with induced podoplanin cytoplasmic 
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Figure 1. Podoplanin expression in human thyroid tissues analyzed by immunohistochemistry. A. Immunohistochemistry detection of 
podoplanin was carried on paraffin-embedded tissue sections. Representative immunostaining results obtained with anti-PDPN monoclonal antibody 
D2-40. (a) exclusive and strong staining of lymphatic vessels in normal thyroid tissue; (b) follicular adenoma (FA) tissue negative for podoplanin; (c) 
follicular thyroid carcinoma (FTC) tissue negative for podoplanin; (d) papillary thyroid carcinoma (PTC) case negative for podoplanin; (e-l) intense 
cytoplasmic staining of PDPN in PTC cells. In e, j and i intense staining of PDPN in tumor cells, with the peritumoral margin negative for podoplanin 
and strong staining of lymphatic vessels as an internal positive control. Original magnification: a-IOOx, a-inset -lOOx; b-200x, b-inset -lOOx; c-200x; d- 
200x, e-IOOx, f-IOOx, g-200x; h-200x, i-IOOx, j-200x, k-200x, l-400x. Of 112 PTC cases, 45 (40%) displayed ectopic podoplanin expression in the cancer 
cells. B. Relative PDPN mRNA expression in 21 PTCs (T) and paired normal tissues (NT) analyzed by RT-qPCR. PDPN and 1 8S rRNA transcript levels were 
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quantified and podoplanin expression normalized against that of the housekeeping gene (1 8S rRNA). Results are presented as the mean ±SEIVI, **P< 
0.001. 

doi:1 0.1 371 /journal.pone.0096541 .gOOl 



expression in the pT3 group and the intensity of tlie staining was 
strong in all positive tumors, the number of cases in the group was 
too small to be statistically analyzed. However, the podoplanin 
protein expression was significantly correlated with the patient's 
age. Older PTC patients (—45) showed more frequently (69% vs 
31%) PDPN neoexpression then younger ones (<45), (adjusted 
odds ratio 4, 95% confidence interval 1.76-9.2, P<0.001). 

Our analysis was expanded by an investigation of PDPN gene 
expression in series of surgically removed PTC/NT paired tissues 
using RT-qPCR. In 14 of the 21 analyzed PTC /NT cases, a 
significandy higher (P<0.001) level of PDPN transcript was 
detected in PTC samples compared with the corresponding 
normal thyroid tissues (Fig. IB). In the remaining 7 PTC/NT 
pairs, the level of PD/WmRNA in the PTC tissues was equal to or 
even lower than that in the paired normal tissues. 

Expression and cellular localization of PDPN in thyroid 
cancer cell lines 

To investigate the functional role of podoplanin in thyroid cell 
biology we examined a normal thyroid cell line (NTHY), and a 
panel of papUlary (TPCl and BcPAP) and foUicular (FTC 133 and 
CGTH-W-1) thyroid cancer-derived cell lines. The level oi PDPN 
mRNA was very low in the immortalized NTHY cells (Fig. 2A). In 
the thyroid carcinoma cells, remarkable differences in the relative 
PDPN transcript level between cells originating from PTC and 
FTC were observed. TPC 1 and BcPAP cells exhibited the highest 
level of PDPN mRNA expression among aU the tested thyroid 
carcinoma cell lines. In contrast, the PDPN transcript was not 
detected in the FTC 133 and CGTH-W-1 follicular carcinoma- 
derived cell lines (Fig. 2A). On average, the level of PDPjV mRNA 



in the PTC cell lines was more than 3-fold higher than that in the 
NTHY control cells. 

Podoplanin protein expression and cellular localization in 
thyroid cancer cell lines 

To corroborate the RT-qPCR results, we carried out Western 
blotting and immunfluorescence analyses to evaluate PDPN 
protein expression and determine its cellular localization in 
thyroid cancer cell lines. The podoplanin protein levels estimated 
by immunoblotting were fully consistent with the RT-qPCR 
results. PDPN protein was strongly induced in TPC 1 and BcPAP 
cell lines, but it was not detected in FTC-originating cells (Fig. 2B). 
Immunofluorescence analysis confirmed the high levels of PDPN 
in TPC 1 and BcPAP cells. The protein was localized mainly at the 
cell membranes and in the cytoplasmic compartment of PTC- 
originating cell lines (Fig. 2C). The FTC 133 and CGTH-W-1 lines 
were negative for PDPN immunostaining, again validating the 
RT-qPCR data. 

Effect of PDPN on the malignant cell phenotype 

In light of its pro-invasive properties reported in other types of 
human tumors and the high levels detected in PTC samples, we 
next investigated whether PDPN is involved in the migration and 
invasion of thyroid tumor cells. TPC 1 cells were transfected with 
siRNA targeting PDPN (TPCl/siPDPN) and with a control 
universal negative siRNA (TPC 1 /siNEG). Any subsequent down- 
regulation of podoplanin was evaluated using RT-qPCR, Western 
blotting and immunofluorescence methods. Only ~15% of the 
initial PDPN transcript level was detected in TPC 1 /siPDPN cells 
48 h after transfection, confirming that the specific siRNA 



Table 1. Correlation of podoplanin cellular expression with clinical and pathological parameters of human papillary carcinoma of 
the thyroid. 





Variable 


Number of cases 


Podoplanin expression n (%) 


/'value 


Age: 45.8±14.3; range 21-83 


112 


45 (40) 




Median 45.5 


Gender 


Male 


15 






Female 


97 






Age at diagnosis 


<45 


52 


14/45 (31.1) 


NS 


=:45 


60 


31/45 (68.9) 


0.001 


Histological type 


Classic PTC 


92 


39/45 (86.7) 




FvPTC 


20 


6/45 (13.3) 




FvPTC vs PTC 




6/39 


0.524 


pT-stage 


pTIa 


28 


11/45 (24.4) 




pTlb 


24 


11/45 (24.4) 


0.648 


pT2 


43 


14/45 (31.1) 


0.866 


pT3 


17 


9/45 (20.1) 


0.275 



Abbreviation: NS= non significant, (P value >0,05). 
doi:l 0.1 371/journal.pone.0096541 .tOOl 
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control cells (Fig.SE). Furthermore, there were no difTerences in 
the number of viable (>90%), apoptotic and necrotic cells between 
specific and non-specific siRNA-treated TPC 1 cells (Fig. 3D, right 
panel), suggesting that the expression of PDPN does not increase 
the susceptibility of these cells to apoptosis. 

Migration and invasion 

To analyze how reduced PDPN expression affects the migrative 
potential of TPC 1 cells, we performed an in vitro scratch wound 
heahng assay with cells transfected with siPDPN or with control 
siNEG. A scratch was made in monolayers of seeded cells and any 
diflferences in wound healing were monitored. In three indepen- 
dent experiments, healing by increased cell motility was found to 
be more rapid for control cells than for the Pi)PjV-silenced cells 
(Fig. 4A). The motility of transfected cells was then assessed using a 
chamber migration assay. As expected, the migration of cells with 
reduced PDPJV was clearly altered (Fig. 4B, left panel), being on 
average 2-fold lower than that of control cells. Then, we 
investigated the effect of PDPN knock-down on the invasive 
potential of the cells using the Matrigel invasion assay. Silencing of 
the PDPN gene profoundly impaired the invasive capacity of 
TPC 1 cells (Fig. 4B, right panel). In each performed experimental 
rephcate, we observed a consistent and strong reduction in the 
invasiveness of the /DPjV-silenced cells as compared with the 
controls or the parental TPCl cells (data not shown). 

Taken together, these data demonstrate that podoplanin acts as 
a proinvasive factor in papillaiy thyroid carcinoma biology. 
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FTC133 
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Figure 2. Podoplanin transcript and protein expression levels 
in differentiated thyroid cancer derived cell lines. A. PDPN mRNA 
expression in human thyroid cancer cell lines. RT-qPCR was used to 
evaluate levels of the transcript encoding podoplanin in total RNA 
prepared from NTHY control cells, PTC-derived TPCl and BcPAP cell 
lines, and FTC-derived FTC133 and CGTH-W-1 cell lines. Data from four 
independent experiments performed in triplicate are expressed as the 
mean ±SEIVI, **P<0.001. B. Podoplanin protein levels in human thyroid 
cancer cell lines. Protein extracts (30 ng) were subjected to Western 
blot analysis with anti-PDPN monoclonal antibody D2-40 and p-actin 
antibody as a loading control. C. Immunofluorescence analysis of the 
podoplanin expression in TPCl, BcPAP, FTC133 and CGTH-W-1 thyroid 
cancer cell lines. PDPN was visualized by staining using anti-PDPN 
monoclonal antibody D2-40 followed by DyLight549-conjugated 
secondary antibody (red), and nuclei were counterstained with DAPI 
(blue). IVlagnification lOOOx. 
doi:1 0.1 371/journal.pone.0096541 .g002 

produced efficient silencing of PDPN (Fig. 3A). Western blotting 
and immunfluorescence assays demonstrated the knock-down of 
podoplanin gene expression in these cells. As shown in Fig. 3B and 
3C, the PDPN protein was detected only in TPC 1 cells transfected 
with the negative control siRNA. Cell proliferation, adhesion and 
survival were then assessed for the TPC 1 cells transfected with the 
/BPjV-specific and control siRNAs. No increase in the prolifera- 
tion rate of cells with silenced PDPNwsls found compared to the 
control cells (Fig. 3D, left panel). We also did not observe any 
differences in the adhesion properties of PDiW-sUenced and 



Discussion 

Although the earliest feature of disseminated disease in thyroid 
carcinoma is regional lymph node involvement littie is known 
about the mechanisms by which cancer cells interact with 
lymphatic endothelial cells and then enter the lymphatic system. 
In particular, there is a lack of studies describing genetic factors 
involved in the metastatic process. Here we examined the potential 
role of podoplanin, a lymphangiogenic factor, in regulating the 
spread of thyroid cancer cells. Podoplanin is expressed in several 
normal cells and tissues and since it is selectively expressed in 
lymphatic endothelial cells (LEC) of lymphatic vascular system, it 
is used as a specific immunohistochemical marker distinguishing 
lymphatic and blood vessels. Moreover, several studies have 
identified PDPN as an important factor in the progression of 
several human tumors [27,28,29]. 

An increased level of PDPN was reported in highly metastatic 
clones of mouse colon adenocarcinoma and melanoma cell lines 
and in approximately 80% of human squamous cell carcinomas of 
the lung, larynx, cervix, skin, and oesophagus [21,30,31]. 
Moreover, Cueni et al. [32] identified an association between 
enhanced podoplanin expression, greater cell motility and 
increased tumor lymphangiogenesis and metastasis in the human 
MCF7 breast carcinoma xenograft model. They also showed a 
correlation between PDPN expression and a poor prognosis in 
patients with oral squamous cell carcinoma (OSCC). 

To examine the role of podoplanin in thyroid cancer biology we 
investigated tiie expression profile of the PDPN transcript and 
protein in a series of DTC tissues and in papillary and follicular 
DTC-derived cell lines. We also examined the role of PDPN in 
promoting motility, migration and invasiveness of thyroid carci- 
noma cells. 

Our experiments revealed that podoplanin is highly expressed 
ill the neoplastic cells of many papillary thyroid tumors. The 
PDPN expression was detected in ~40% of analyzed PTC cases 
and was absent in normal thyroid tissues and the peritumoral 
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Figure 3. Down-regulation of podoplanin expression in TPC1 cells following transfection with PDPN-specific siRNA. A. RT-qPCR 
analysis of PDPN mRNA levels in TPC1 thyroid cancer cells 48 h after transfection with 30 nM siRNA specific for PDPN (siPDPN) or a negative control 
siRNA (siNEG). The results were normalized to the 18S rRNA level and bars represent the average fold change in PDPN transcript abundance in cells 
transfected with siPDPN compared with cells transfected with siNEG. The results are representative of four independent experiments. Data are 
presented as the mean ±SEM, **P<0.001. B. Western blot analysis of podoplanin and p-actin proteins in TPC1 cells before (0 h) and 48 h after 
transfection with siPDPN and control siNEG. C. Immunofluorescence staining of podoplanin protein in TPC1 cells transfected with siPDPN and control 
siNEG. Cells were stained with anti-PDPN monoclonal antibody D2-40 followed by DyLight549-conjugated secondary antibody (red), and 
counterstained with DAPI (blue). IWagnification lOOOx. D. Effect of PDPN on cell viability. D, left panel. Proliferation was measured at 24 and 48 h after 
transfection of TPC1 cells with siPDPN or control siNEG. Cells seeded in 96-well plates were treated with XTT mixture reagent and formazan formation 
was measured at 450 nm to determine the number of viable cells. Data are expressed as the mean ±SEM of at least three independent experiments 
performed in quintuplicate. D, right panel. Apoptosis was measured at 48 h after transfection of TPC1 cells with siPDPN or control siNEG. Cells were 
collected and stained with FITC Annexin V and propidium iodide, followed by flow cytometry. Representative measurements of the percentage of 
Annexin V+ cells are presented. Each bar represents the mean ±SEM of at least three independent experiments performed in quadruplicate. E. 
Function of podoplanin in cell adhesion. TPC1 cells transfected with siPDPN display adhesion capacity comparable to those of siNEG-transfected cells. 
Briefly, 8000 transfected cells were seeded in the wells of 96-well plates. After incubation for 24 or 48 h, the cell monolayers were washed, fixed with 
4% formaldehyde for 1 5 min and stained with crystal violet (Merck, USA). The stained cells were lysed by treatment with 2% SDS, then the intensity of 
the released stain was quantified by spectrophotometry at 550 nm using a Labsystems IWultiscan RC microplate reader (Thermo Fisher Scientific, 
Canada). Data represents three separate experiments. 
doi:1 0.1 371/journal.pone.0096541 .gOOB 



margin of "normal" unaffected tissues. In the PDPN-negative 
tissues, immunostaining was confined to the lymphatic vessels, 
which acted as a specific internal control. Since, the most common 
genetic alternation identified in PTCs is a somatic point mutation 
in the BRAF gene leading to a V600E substitution, vv(- presumed 
that the BRAF V600E-activated constitutive signaling along the 
RET-RAS- BRAF-MAPK pathway may also affect podoplanin 
expression in PTCs. However, the immunohistological analysis of 
BRAFVQQQiE, in our series of archival tissues has not confirmed the 
effect of -B/l. IF mutation on PDPN expression, as only ~50% of 
PDPN positive cases were BRAF V600E positive. This suggests 
that the other signaling pathways, independent of BRAF mutation 
status, contribute to podoplanin neoexpression in PTCs. Surpris- 
ingly, in contrast to papillary thyroid carcinomas, all of the 
examined follicular thyroid carcinoma and follicular adenoma 
cases were negative for PDPN staining. Our observation 
corresponded with the previous studies, showing by IHC method 
that in the majority of PTC cases PDPN is expressed in tumor 
cells, whereas FTC, FA and normal thyroid did not express 
podoplanin [33]. This observation suggests that podoplanin is 
exclusively expressed in some PTC cases and may play an essential 
role in the biology of papillary tumors. These IHC findings were 
confirmed by the analysis of PDPM transcript levels in the frozen 
tissues of 21 PTC cases. The expression of PDPjV mRNA was up- 
regulated in ~70% of the analyzed tumor samples (by at least 2- 
fold) compared to paired normal thyroid tissues. The PDPM 
transcript levels in PTCs with BRAF V600E mutation were not 
statistically significantly different (P>0.05, data not shown) from 
the levels detected in PTC cases without BRAF mutation. This 
suggests again, that podoplanin expression in analyzed tumors is 
probably not affected by BRAF V600E mutation. The number of 
examined tissues, however, was low, and our data should be 
validated on larger number of BRAF V6()0E positive PTC cases. 
Podoplanin mRNA overexpression, in comparison to normal 
tissues, was also observed in some tumor tissues including 
colorectal cancer, oral squamous cell carcinoma or bladder cancer 
[34,35,36]. Moreover, a difference in the relative PZ)/^^ transcript 
level between the group of lymph node-negative or lymph node- 
positive cancer samj)lcs ^\as also observed, suggesting the 
association between podoplanin expression and nodal metastasis 
or, as recentiy demonstrated, with distant metastases [35,36]. Our 
findings cannot directiy link the PDPN expression in PTC tumor 
cells with metastatic tendency in papillary cancer, mainly due to 
the lack of information regarding lymph node involvement. 
Podoplanin neoexpression in PTC cases was not related to the 
tumor size or conventional vs FvPTC histological/morphological 



tumor subtype. Nevertheless, among the PTCs examined in the 
present study, there were no tall cell variant of papillary 
carcinomas, which are considered as mostly associated with 
aggressiveness of PTCs [37]. We did not observe any statistically 
significant correlation in podoplanin expression between the 
samples from different tumor stages. Although the pT3 stage 
tumors showed some clear increase in PDPN protein expression 
(the staining was strong in all positive tumors), comparing to pTl 
samples (9/17 vs 11/ 28; see Tab. 1), the number of available cases 
was not sufficient for statistical evaluation. Thus, cannot rule 
out the possibility, that when the analysis will be performed on a 
larger group of PTCs the association between tumor size and 
podoplanin expression, or tall cell variant of PTC and PDPN 
positivity, wiU be found. Numerous clinical studies on factors 
influencing the PTC progression pointed out the significance of 
patient age [38,39]. Lymph node metastases are regarded as 
prognostic factor of PTC patient's survival. There are some 
reports demonstrating higher frequency of nodal involvement in 
younger patients, whereas other point out the nodal involvement 
and patient's age S45 as factors affecting survival in patients with 
papillary thyroid carcinoma [40,41]. We found that PDPN 
neoexpression is strongly correlated with older (—45) patients 
age, which is one of the several classical clinico-pathological high- 
risk factors in papillary thyroid carcinomas. Taking into account 
that lymph node metastases in patients aged &45 correlates with 
unfavorable prognosis, our observation of high frequency of PDPN 
expression in tumor samples of these patients may imply the 
potential role of podoplanin in metastatic tendency of papillary 
thyroid carcinoma. Although the function of PDPN in tumor 
biology, including cancer progression, is not yet clear our data 
might link podoplanin expression with metastatic potential of 
PTCs. 

We next examined the expression and function of podoplanin in 
DTC-derived cell lines. Podoplanin expression was significantiy 
up-regulated in the papillary cancer-derived TPCl (RET/ PTC 1 
rearrangement) and BcPAP [BRAF V600E mutation) cell lines, 
where BcPAP cells demonstrated higher PD/WmRNA expression 
than TPC 1 cells, suggesting that more efficient activation of PDPN 
expression could be related to BRAF V600E gain-of-function 
mutation. Although, both oncoproteins, BRAF V600E and RET/ 
PTCl, share common property of signaling via activation of MEK- 
ERK kinase pathway, they have unique phenotypic features, 
signifying that the different tumor biology may characterize 
cancers arising from different oncogenes [42,43,44]. In contrast, 
the follicular carcinoma derived FTC- 133 cell line, carrying 
mutated tumor suppressor gene PTEM, and CGTH-W-1 cell line 
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Figure 4. Silencing PDPN affects motility, migration and 
invasion ability of TPC1 cells. A. Scratch wound healing assay. 
Representative light microscope images showing healing of wounds in 
monolayers of TPC1 cells transfected with siPDPN or control siNEG, at 0 
and 24 h after scratch application. IVIagnification 200x. The relative 
migration of transfected cells measured every 6 h after scratch 
application is presented in graph form. Migration was quantified by 
measuring the distance between the edge and the closest cell to the 
centre of the wound. Scratch in each well was analyzed and 
independent experiments gave comparable results. B. TPC1 cells 
Chamber migration and IVIatrigel invasion assays. B, left panel. To 
evaluate migration of TPC1 cells transfected with siPDPN or control 
siNEG, cells were seeded in a Boyden insert chamber. The lower 
reservoir was filled with medium supplemented with 10% FBS as a 
chemoattractant and after 24 h, cells that had migrated through the 8- 
|j,m pore size membrane were stained and photographed at 40x 
magnification. The proportion of migrating cells is presented in graph 
form. Data are presented as the mean ±SEM of at least three separate 



experiments, **P<0.001. B, right panel. The invasiveness of TPC1 cells 
transfected with siPDPN or control siNEG was analyzed by adding cells 
to a BD BioCoat IVIatrigel Invasion Chamber, 8-jim. The lower reservoir 
was filled with 10% FBS as a chemoattractant and after 24 h, cells that 
had moved through the IVIatrigel to the lower surface of the membrane 
were fixed, stained and the photographed at 40x magnification. The 
proportion of invasive cells is presented in graph form. Data are 
presented as the mean ±SEM of at least three separate experiments, 
***P<0.0001. 

doi:10.1 371/journal.pone.0096541 .g004 



do not show the PDPM expression. The mechanism of PDPN gene 
down-regulation in FTC derived cells is unknown. One of the 
reasons could be, at least in the case of FTC-133 cells, the over- 
activation of PI3K/ATK signaling cascade due to the presence of 
the inactive PTIuN. The tumor suppressor gene PTEM has been 
shown to play an important role in the pathogenesis of variety of 
human cancers including, the thyroid cancer [45,46,47]. The 
mechanism/s of PD/IA*^ down regulation in CGTH-W-1 follicular 
cancer cells is unknown, however, taking into account the diversity 
of the mechanisms by which the constitutive activation of PI3K/ 
ATK signaling occur in cancer, its over-activation, among other 
signaling pathways, may also be considered. 

The PDPN expression patterns in DTC-derived cell lines are 
similar to those observed in human PTC and FTC tissues. These 
data indicate that (i) podoplanin may play an important role in 
PTC cell biology, (ii) the mechanisms of progression of papillary 
and follicular carcinomas are likely to be difiFerent, and (iii) 
diflFerent sets of genetic factors may be required for the progression 
of PTCs and FTCs. 

The process of carcinogenesis is comprised of multiple steps that 
correspond to diflFerent genetic alterations. The observed difiFer- 
ences in PDPN expression in thyroid cancer cells might be due to 
the presence of known genetic alterations in PTC cells. Mutations 
in the RET/ RAS/ B-RAF genes of mitogen-activated protein kinase 
(MAPK) signal transduction pathways have been detected in the 
majority of DTCs [48] . These evolutionarily-conserved proteins 
control major cellular processes such as proliferation, differenti- 
ation, migration and apoptosis. The mutually exclusive B-RAF 
V600E mutation and RET/ PTC rearrangements are most 
prevalent in papillary thyroid carcinomas (~70% of all PTCs), 
and appear to be involved in the neoplastic transformation of 
follicular thyroid cells [4,49]. The BcPAP and TPCl cell lines, 
derived from PTCs, carry either of these genetic modifications 
[BRAFVmm and RTE/PTCl respectively) and both exclusively 
express podoplanin. Recently published data, with induced 
expression of BRAE V600E or RET/ PTC, suggest that there are 
diflFerences in the oncogenic strength and the molecular events, as 
well as diflFerences in the genes afiFected by these two genetic 
changes [44,50,51,52]. Therefore, taking into account that BcPAP 
line is derived, in fact, from poorly differentiated cancer, and has 
stronger oncogenic potential, which can not only initiate 
development of papillary tumors, but is also required to maintain 
and promote their progression, we choose for our study the TPC 1 
cell line, which is derived from well differentiated conventional 
PTC [53,54]. 

Tumor cell motility, migration and invasion are necessary for 
metastasis. Although some data indicate that the expression of 
podoplanin in tumor cells might be related to their malignant 
potential, the functional contribution of this protein to cancer 
progression, invasion and metastasis remains unclear. To inves- 
tigate the potential role of podoplanin in PTC metastatic activities, 
we examined its function in the regulation of the classical 
hallmarks of malignancy: proliferation, motility, migration and 
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invasion. TPC 1 cells deficient in PDPN expression were created by 
transfection with small interfering RNA (siRNA). We did not 
observe any clear differences in the proliferation, viability or 
adhesion of cells with and without PDPN expression. However, 
the PDPN knock-down reduced motility and migration, and 
dramatically changed the invasive properties of TPCl/siPDPjV 
cells. We found, that in vitro silencing of PDPN expression leads to 
moderately reduced migration, as shown either in transweU 
migration assay or wound-healing assay, and caused profoundly 
reduced invasiveness of TPC 1 cells, suggesting a potential role of 
this gene in the spreading of papillary thyroid carcinoma cells. Our 
observation agrees with several studies which demonstrated 
involvement of podoplanin in cell migration and invasiveness 
during cancer progression, and in the promotion of epithcKal- 
mesenchymal transition through down-regulation of epithelial 
genes and up-regulation of mesenychymal markers [16,55,56]. 
The strong inhibition of the invasiveness of /DPjV-silenced TPC 1 
cells implies an essential function for podoplanin in papillary 
cancer cell dissemination. Although the role of podoplanin 
remains poorly understood and the pathways involved in the 
pro-invasive phenotype of papillary thyroid cancer cells appear to 
be multifactorial and are largely uncharacterized, this is the first 
complex report describing the pro-metastatic activity of PDPN in 
papillary thyroid carcinoma biology. 

The PDPN function we reveal is consistent with the majority of 
previous reports linking increased expression of podoplanin with 
tumor progression [21]. Several studies have shown that the 
presence of podoplanin is associated with lymph node metastasis of 
cancer cells and with poor prognosis. PDPN overexpression was 
identified as a pro-metaststic factor in squamous cell carcinoma 
[16,32], larynx and oesophagus tumors [57,58], and tumors of the 
central nervous system [59]. Other studies concerning astrocytic 
and gastric carcinomas, lung squamous cancer and other 
malignancies, have demonstrated the involvement of podoplanin 
in cell migratory activity necessary for metastasis [18,60,61]. 
Furthermore, it has been proposed that podoplanin might serve as 
a potential clinical marker for the malignant progression of oral 
leukoplakia [62], and it is regarded as a novel myoepithelial 
marker in salivary gland tumors [63]. 

The biological function of podoplanin seems to be complex. 
Our evidence of the pro-invasive character of high PDPN 
expression contrasts with reports showing that low expression of 
PDPN correlates with poor prognosis, e.g. in squamous cell 
carcinoma of lung [64], and uterine cervix cancer [65]. The 
diverse role of PDPN in various human cancers was also 
highlighted by the recent study of Tsuneki et al, 2013 [66] which 
demonstrated that the primary- function of podoplanin in oral 
squamous cell carcinoma is cell adhesion to the ECM, with no 
effect on cell migration. The apparently contradictory PDPN 
activities suggest that podoplanin might function as a factor 
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promoting or suppressing cancer metastatic potential and 
progression depending on the tissue- and organ-specific environ- 
ment, and on the cellular context. 

Podoplanin is found in the membrane lipid rafts and interacts 
with other raft- specific proteins, like CD44, a marker of epithelial- 
mesenchymal transition, as well as ezrin and moesin, the 
cytoskeletal organizer proteins from ERM family [6 1, 67]. CD 
44 is implicated in the tumor growth and progression and can act 
as a co-receptor modulating signal transduction through cell 
surface tyrosine kinase receptors, and this function depends upon 
its interaction with ERM proteins [68]. Binding of podoplanin to 
these proteins through its cytoplasmic domain anchors PDPN to 
the actin cytoskeleton, what leads to the activation of small Rho 
GTPases and the induction of cell migration and invasion, as well 
as epithelilal-mesenchymal transition [21,56,69]. Moreover, as 
demonstrated recently, intracellular domain of podoplanin under- 
goes cleavage by y-secretase, releasing a short intracellular domain 
into cytosol, which is suggested to play an important role in the 
podoplanin signaling and function [70] . Furthermore, a number of 
other proteins have been proposed to act together with podoplanin 
in controlling cell motility, migration and invasion, including 
molecules of the extracellular matrix [21,56,71], and matrix 
metalloproteinases (MMP-1, MMP-2, MMP-9, MMP-10), which 
are also thought to be involved in PDPN-dependent tumor 
progression [72,73]. Thyroid tumor signaling pathways involve a 
broad variety of secondary molecular alterations and up-regula- 
tion of variety of proteins involved in tumor progression [2,74,75]. 
Many of them are non-cellular components of extracellular 
matrix, which, in human tumors, undergoes composition and 
organization remodeling what might influence adhesion, migra- 
tion, invasiveness and other funrtional properties of tumor cells. 

In summary, this is the first evaluation of the expression and 
function of podoplanin in thyroid cancer, and our results strongly 
suggest that the malignant potential of PTCs may be related to 
PDPN expression. Our findings and other available data indicate 
that the uncharacterized mechanisms by which PDPN affects the 
aggressive phenotype of cancer cells are complex and may be 
dependent on the examined tumor tissue. The molecular 
mechanisms by which PDPN can affect the metastatic phenotype 
of the thyroid cancer cells have yet to be revealed. Further studies 
are necessary to elucidate the detailed mechanism/s by which 
PDPN expression is regulated in differentiated thyroid carcinoma 
cells and contributes to metastatic potential of thyroid tumors. 

Author Contributions 

Conceived and designed the experinienls: BCJ MR. Performed the 
experiments: MR DG KMKJS. Analyzed the data: MR DG MK KMK 
BC. Contributed reagents/materials/analysis tools: MM TS. Wrote the 
paper: DG BC. 



tumors: evidence for distinct molecular pathways in thyroid follicular carcinoma. 
J Clin Endocrinol Metab 88: 2318-2326. 

6. Paes JE, Ringel MD (2008) Dysregulation of the phosphatidvlinositol 3-kinase 
pathway in thyroid neoplasia. Endocrinol Miiab i'Am Nnrlli Am 37: 37j !')f!7. 

7. Sugitani I, Fujimoto Y, Yamamoto N (2008) Papillary thyroid carcinoma with 
distant metastases: survival predictors and the importance of local control. 
Surgery 143: 35-^2. 

8. Nixon IJ, Whitcher M, Palmer FL, Shaha ARM, Shah JP, et al. (2012) The 
Impact of Distant Metastases at Presentation on Prognosis in Patients 
Differentiated Carcinoma of the Thyroid Gland. Thyroid. 

9. Hall FT, Freeman JL, Asa SL, Jackson DG, Beasley NJ (2003) Intratumoral 
lymphatics and lymph node metastases in papillary thyroid carcinoma. Arch 
Otolaryngol Head Neck Surg 129: 716-719. 



PLOS ONE I www.plosone.org 



10 



May 2014 I Volume 9 | Issue 5 | e96541 



Podoplanin in Differentiated Thyroid Carcinomas 



10. Yasuoka H, Nakamura Y, Zuo H, lang W, I'akamura Y, ct al (2005) VEGF-D 
expression and lymph vessels play an important role for lymph node metastasis 
in papillary thyroid carcinoma. Mod Pathol 18: 1 127-1 133. 

1 1 . Breiteneder-GelefF S, Soleiman A, Horvat R, Amann G, Kowalski H, et £il. 
(1999) [Podoplanin — a specific marker for lymphatic endothelium expressed in 
angiosarcoma]. Verh Dtsch Ges Pathol 83: 270-275. 

12. Bancrji S, Ni J, Wang SX, Claspcr S, Su J, et al. (1999) LYVE-1, a new 
homologiir of the CD44 glycoprotein, is a lymph-specific receptor for 
hyaluronan. J Cell Biol 144: 789-801. 

13. Kaipainen A, Korhoncn J, Mustoncn T, van Hinsbcrgh V\V, Fang (iH, ct al. 
(1995) Expression of the fms-like tyrosine kinase 4 gene becomes restricted to 
lymphatic endothelium during development. Proc Natl Acad Sci USA 92; 
3566-3570. 

14. Wetterwald A, Hofistetter W, Cecchini MG, Lanske B, Wagner C, et al. (1996) 
Characterization and cloning of the Ell antigen, a marker expressed by rat 
osteoblasts and osteocytes. Bone 18: 125-132. 

15. Brcitcncdcr-Gclcff S, Matsui K, Soleiman A, Mcrancr P, Poczcw.ski H, ct al. 
(1997) Podoplanin, novel 43-kd membrane protein of glomerular epithelial cells, 
is down-regulated in puromycin nephrosis. Am J Pathol IT)!: 1141-1152. 

16. Martin- Villar E, Scholl FG, Gamallo C, Yurrita MM, Munoz-Guerra M, et al. 
(2005) Characterization of human PA2.26 antigen (Tlalpha-2, podoplanin), a 
small membrane mucin induced in oral squamous cell carcinomas. Int J Cancer 
113: 899-910. 

17. Ordonez NG (2006) Podoplanin: a novel diagnostic immunohistochemical 
marker. Adv Anat Pathol 13: 83-88. 

18. Mishima K, Kato Y, Kaneko MK, Nakazawa Y, Kunita A, ct al. (2006) 
Podo];)lanin expression in primary central nervous system germ cell tumors: a 
useful histological marker for the diagnosis of germinoma. Acta Neuropathol 
111: 563-568. 

19. Yu H, Gibson JA, Pinkus GS, HomickJL (2007) Podoplanin (D2-40) is a novel 
marker for follicular dendritic cell tumors. Am J Clin Pathol 128: 776-782. 

20. Shintaku M, Honda T, Sakai T (2010) Expression of podoplanin and calretinin 
in meningioma: an immunohistochemical study. Brain Tiamor Pathol 27: 23—27. 

21. Wicki A, Christofori G (2007) The potential role of podoplanin in tumour 
invasion. Br J Cancer 96: 1—5. 

22. Ishizaka Y, Ushijima, Sugimura T, Nagao M (1990) cDNA cloning and 
characterization of ret activated in a human papillary thyroid carcinoma cell 
line. Biochcm Biophys Res Commun 168: 402-408 

23. Guarino V, Faviana P, Salvatorc G, Castellonc MD, Cirafici AM, et al. (2005) 
Ostcopontin is overexprcssed in human papillary thyroid carcinomas and 
enhances thyroid ceircinoma cell invasiveness. J Clin Endocrinol Metab 90: 
5270-5278. 

24. Skubis-Zcgadio J, Nikodcmska A, Przytula E, Mikula M, Bardadin K, et al. 
(2005) Expression of pcndrin in benign and malignant human thyroid tissues. 

Br J Cancer 93: 144 151. 

25. Gorka B, Skubis-Zegadlo J. Alikula M, Bardadin K. Paliczka E, ct al. (2007) 
NrCAM, a neuronal svstcm ccU-adhcsion molecule, is induced in papillary 
thyroid carcinomas. BrJ Cancer 97: 531-538. 

26. Valster A, Tran NL, Nakada M, Berens ME, CJhan AY, ct al. (2005) CeU 
migration and invasion assays. Methods 37: 208 215. 

27. Wicki A, Lehembre F, Wick N, Hantusch B, Kcrjaschki D, ct al. (2006) Tumor 
invasion in the absence of epithclial-mcscnchymal transition: podoplanin- 
mediatcd remodeling of the actin c\ toskrleton. Chancer Cell 9: 261—272. 

28. Hansen T, Kaienkamp K, Bittinger F, Kirkpairick Katenkamp D (2007) D2- 
40 labeling in l\mphangiom\oma/l\mphangiom\omatosis of the soft tissue: 
further evidence of lymphangiogcnic tumor histogenesis. Virchows Arch 450: 
449-453. 

29. Kreppel M, Scheer M, Drebber U, Ritter L, ZoUer JE (2010) Impact of 
podoplanin expression in oral squamous cell carcinoma: clinical and 
histopathologic correlations. Virchows Arch 456: 473-482. 

30. Watanabe M, Sugimoto Y, Tsuruo T (1990) Expression of a Mr 41,000 
glycoprotein associated with thrombin-independent platelet aggregation in high 
metastatic variants of murine B16 melanoma. Cancer Res. 50: 6657—6662. 

31. Ochoa-Alvarez JA, Krishnan H, Shen Y, Aeharya NK, Han M, et al. (2012) 
Plant Lectin Can Target Receptors Containing Sialic Acid, Exemplified by 
Podoplanin, to Inhibit Transformed Cell (Growth and Migration. PLoS ONE 
7(7): c41845. doi:10.1371/journal.pone.0041845. 

32. Cucni LN, Hegyi I, Shin JW, Albinger-Hegyi A, Gruber S, et al. (2010) Tumor 
lymphangiogenesis and metastasis to lymph nodes induced by cancer cell 
expression of podoplanin. Am J Pathol 177: 1004—1016. 

33. Wang SL, Li SH, Chen WT, Chai CY (2007) Expression of D2-40 in adjunct 
diagnosis of papillary thyroid carcinoma. APMIS 115: 906—910. 

34. Lu Y, Yang Du Y, Feng G, Yang C (2007) Expression analysis of 
lymphangiogcnic factors in human colorectal cancer with quantitative RT-PCR. 
Cancer Invest 25: 393-396. 

35. Chuang WY, Yeh CJ, Wu YC, Chao YK, Liu YH, et al. (2009) Tumor ceU 
expression of podoplEinin correlates with nodal metastasis in esophagcEil 
squamous cell carcinoma. Histol Histopathol 24: 1021-1027. 

36. Takagi S, Oh-Hara T, Sato S, Gong B, Takami M, et al. (2013) Expression of 
Aggrus/podoplanin in bladder cancer and its role in pulmonary metastasis. 
Int J Cancer, doi: 10.1002/ijc.28602 

37. Xing M, Westra \VH, Tufano RP, Cohen Y, Roscnbaum E, ct al. (2005) BRAF 
mutation predicts a poorer cHnical prognosis for papillary thyroid cancer. J Clin 
Endocrinol Metab 90: 6373-6379. 



38. Siironcn P, Louhimo J, Nordling S, Ristimaki A, Macnpaa H, ct al. (2005) 
Prognostic factors in papillary thyroid cancer: an evaluation of 601 consecutive 
patients. Tumour Biol 26: 57-64. 

39. Ito Y, Kudo T, Kobayashi K, Miya A, Ichihara K, et al. (2012) Prognostic 
factors for recurrence of papillary thyroid carcinoma in the lymph nodes, lung, 
and bone: analysis of 5,768 patients with average 10-year follow-up . World J Surg 
36: 1274-1278. 

40. Chung YS, Kmi JY, Bac JS, Song BJ, KimJS, ct al. (2009) Lateral lymph node 
metastasis in papillary thyroid carcinoma: results of therapeutic lymph node 
dissection. Thyroid 19: 241-246. 

41. Zaydfudim V, Feurer ID, GrilFm MR, PhayJE (2008) The impact of lymph 
node involvement on survival in patients with papillary and follicular thyroid 
carcinoma. Surgery 144: 1070-1077; discussion 1077-1078. 

42. Knauf JA, Kuroda H, Basu S, Fagin JA (2003) RET/PTC-induced 
dedifferentiation of thyroid cells is mediated through Y1062 signaling through 
SHC-RAS-MAP kinase. Oncogene 22: 4406-4412. 

43. Giordano IJ, Kuick R, Thomas DG, JVhsek DE, Vinco M, et al. (2005) 
Molecular classification of papillarv thvroid carcinoma: distinct BRAF, RAS, 
and RET/PTCJ mutation-specific gene expression profiles discovered by DNA 
microarray analysis. Oncogene 24: 6646—6656. 

44. Mesa C Jr, Mirza M, Mitsutake N, Sartor M, Medvedovic M, et at (2006) 
Conditional activation of RET/PTC3 and BRAFV600E in tiiyroid cells is 
associated with gene expression profiles that predict a preferential role of BRAF 
in extracellular matrix remodeling. Cancer Res 66: 6521-6529. 

45. Liaw D, Marsh DJ, Li J, Dahia PL, Wang SI, et al. (1997) Germline mutations of 
the PTEN gene in Cowden disease, an inherited breast and thyroid cancer 
syndrome. Nat Genet 16: 64-67. 

46. Weng LP, (iimm O, KumJB, Smith WM, Zhou XP, et al. (2001) Transient 
ectopic expression of PTEN in thyroid cancer cell lines induces cell cycle arrest 
and cell type-dependent cell death. Hum Mol Genet 10: 251-258 

47. Gimm O, Perren A, Weng LP, Marsh DJ, Yeh JJ, et al. (2000) Differential 
nuclear and cytoplasmic expression of PTEN in normal thyroid tissue, and 
benign and malignant epithelial thyroid tumors. Am J Pathol 156: 1693-700. 

48. Mitsutake N, Miyagishi M, Mitsutake S, Akeno N, Mesa C Jr, ct al. (2006) 
BRAF mediates RET/PTC-induced mitogen-activated protein kinase activation 
in thyroid cells: functional support for requirement of the RET/PTC-RAS- 
BRAF pathway in papilljiry thyroid CEircinogenesis. Endocrinology 147: 1014— 
1019. 

49. Liu D, Liu Z, Condouris S, Xing M (2007) BRAF V600E maintains 
proliferation, transformation, and tumorigenicity of BRAF-mut£int papilljiry 
thyroid cancer cells. J Clin Endocrinol Metab 92: 2264-2271. 

50. Mitsutake N, Knauf JA, Mitsutake S, Mesa C Jr, Zhang L, et ai. (2005) 
Conditional BRAFV600E expression induces DNA synthesis, apoptosis, 
dedifferentiation, and chromosomal instability in thyroid PCCL3 cells. Cancer 
Res 65: 2465-2473. 

51. McliUo RM, Castellonc MD, Guarino V, Dc Falco V, Cirafici AM, ct al. (2005) 
I'hc RET/Pl'C-RAS-BRAF linear signaling cascade mediates the motile and 
mitogcnic phenotvpc of thyroid cancer cells. J Clin Invest 115: 1068-1081. 

52. Wang J, Knauf JA, Basu S, Puxeddu E, Kuroda H, et al. (2003) Conditional 
expression of RET/PTC induces a weak oncogenic drive in thyroid PCCL3 cells 
and inhibits thyrotropin action at multiple levels. Mol Endocrinol 17: 1425— 
1436. 

53. Tanaka J, Ogura T, Sato H, Hatano M (1987) Establishment and biological 
characterization of an in vitro human cytomegalovirus latency model. Virology 
161: 62-72. 

54. Fabicn N, Fusco A, Santoro M, Barbicr Y, Dubois PM, ct al. (1994) Description 
of a human papillary thyroid carcinoma cell line. Morphologic study and 
expression of tumoral markers. Cancer 73: 2206—2212. 

55. SchoU FG, Gamallo C, Quintanilla M (2000) Ectopic expression of PA2.26 
antigen in epidermal keratinocytes leads to destabiUzation of adherens junctions 
and malignant progression. Lab Invest 80: 1749-1759. 

56. Martin-Villar E, Megias D, Castel S, Yurrita MM, Vilaro S, et al. (2006) 
Podoplanin binds ERM proteins to activate RhoA and promote epithelial- 
mescnchymal transition. J Cell Sci 119: 4541-4553. 

57. RodrigoJP, Garcia-Carracedo D, Gonzalez MV, Mancebo G, Fresno MF, et al. 
(2010) Podoplanin expression in the development and progression of laryngeal 
squamous cell carcinomas. Mol Cancer 9: 48. 

58. Schoppmann SF, Jesch B, Riegler MF, Maroske F, Schwameis K, et al. (2013) 
Podoplanin expressing cancer associated fibroblasts are associated with 
unfavourable prognosis in adenocarcinoma of the esophagus. CHn Exp 
Metastasis 30: 441^46. 

59. Shibahara J, Kashima T, Kikuchi Y, Kunita A, Fukayama M (2006) Podoplanin 
is expressed in subsets of tumors of the central nervous system. Virchows Arch 
448: 493-499. 

60. Suzuki H, Onimaru M, Yoncmitsu Y, Machara Y, Nakamura S, et al. (2010) 
Podoplanin in cancer cells is experimentally able to attenuate prolymphangio- 
genic and lymphogenous metastatic potentials of lung squamoid cancer cells. 
Mol Cancer 9: 287. 

6 1 . Martin-Villar E, Femandez-Munoz B, Parsons M, Yurrita MM, Megias D, et al. 
(2010) Podoplanin associates with CD44 to promote directional cell migration. 
Mol Biol Cell 21: 4387-4399. 

62. Inoue H, Miyazaki Y, Kikuchi K, Yoshida N, Ide F, ct al. (2012) Podoplanin 
promotes cell migration via the EGF-Src-Cas pathway in oral squamous cell 
CEircinoma cell Unes. J Ord Sci 54: 241-250. 



PLOS ONE I www.plosone.org 



11 



May 2014 I Volume 9 | Issue 5 | e96541 



Podoplanin in Differentiated Thyroid Carcinomas 



63. Tsuncki M, Maruyama S, Yamazaki M, Essa A, Abr T, ct al. (2013) Podoplanin 
is a novel myoepithelial ecU marker in pleomorjihic adenoma and other salivary 
gland tumors with myoepithelial differentiation. Virchows Areh 462; 297-305. 

64. Ito T, Ishii G, Nagai K, Nagano T, Kojika M, et al. (2009) Low podoplanin 
expression of tumor cells predicts poor prognosis in pathologicEil stage IB 
squamous cell carcinoma of the lung, tissue microarray analysis of 1 36 patients 
using 24 antibodies. Lung Cancer 63: 41f3-424. 

65. DumolfKL, Chu CS, Harris EE, Holtz D, Xu X, et al. (2006) Low podoplanin 
expression in pretreatment biopsy material predicts poor prognosis in advanced- 
stage squamous cell carcinoma of the uterine cervix treated by primary 
radiation. Mod Pathol 19: 708-716. 

66. I'suneki M, Yamazaki M, Maruyama S, ChengJ, Saku T (2013) Podoplanin- 
mediatcd cell adhesion through extracellular matrix in oral squamous cell 
carcinoma. Lab Invest 93: 921—932. 

67. Fernandez-Munoz B, Yurrita MM, Martin- ViUar E, Carrasco-Ramirez P, 
Megias D, et al. (2011) The transmembrane domain of podoplanin is required 
for its association with hpid rafts and the induction of epitheHal-mesenchymal 
transition. Int J Biochem Cell Biol 43: 886-896. 

68. Ponta H, Sherman L, Herrhch PA (2003) CD44: from adhesion molecules to 
signalling regulators. Nat Rev Mol Cell Biol 4: 33^5. 



69. Navarro A, Perez RE, Rezaiekhaligh M, Mabr>' SM, Ekekezie 11 (2008) 
Tlalpha/podoplanin is essential for capillary morphogenesis in lymphatic 
endothelial cells. Am J Physiol Lung CeU Mol Physiol 295: L543-551. 

70. Yurrita MM, Fernandez-Munoz B, Del Castillo G, Martin- Villar E, Renart J, et 
al. (20 1 4) Podoplanin is a substrate of presenilin- 1 / gamma-secretase. 
Int J Biochem Cell Biol 46: 68-75. 

71. Shen Y, Chen CS, lehikawa H, Goldberg GS (2010) SRC induces podoplanin 
expression to promote cell migration. J Biol (^hem 285: 9649-9656. 

72. Takeuehi T, Iwasaki S, MiyazakiJ, Nozaki Y, Takahashi M, ct al. (2010) Matrix 
metalloproteinase- 1 expression in splenic angiosarcoma metastasizing to the 
serous membrane. Int J Clin Exp Pathol 3: 634—639. 

73. Mashhadiabbas F, Mahjour F, Mahjour SB, Fereidooni F, Hosseini FS (2012) 
The immunohistochemical characterization of MMP-2, MMP-10, TIMP-1, 
TlMP-2, and podoplanin in oral squamous cell carcinoma. Oral Surg Oral Med 
Oral Pathol Oral Radiol 114: 240-250. 

74. KnaufJA, Sartor MA, Medvedovic M, Lundsmith E, Ryder M, et al. (2011) 
Progression of BRAF-induced thyroid cancer is associated with epithelial- 
mesenchymal transition requiring concomitant MAP kinase and 'I'CiHoeta 
signaling. Oncogene 30: 3153-3162. 

75. Frasca F, Nucera C, Pellegriti G, Gangemi P, Attard M, et al. (2008) 
BRAF(V600E) mutation and the biology of papillary thyroid cancer. Endocr 
Relat Cancer 15: 191-205. 



PLOS ONE I www.plosone.org 



12 



May 2014 I Volume 9 | Issue 5 | e96541 



